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Acute reversible proteinuria induced by infusion of the
polycation hexadimethrine
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Acute reversible proteinuria induced by infusion of the polycation
hexadimethrine. To test the hypothesis that neutralization of polyanions
of the glomerular filter in vivo will lead to loss of charge-dependent
glomenilar permselectivity, we have infused i.v. the polycation hexadi-
methnne (HDM) into rats. Heavy proteinuria resulted after a lag period
of 30 to 50 mm, and it resolved when the infusion was stopped.
Concurrent administration of heparin prevented the proteinuria. Uri-
nary proteins were examined by immunoelectrophoresis, isoelectric
focusing with immunofixation, and sodium dodecylsulfate polyacryl-
amide electrophoresis. The major protein was rat albumin, but there
were also large quantities of intact rat IgG. HDM was bound at known
sites of glomerular polyanion in the laminae rarae of the basement
membrane and on the epithelial cell glycocalyx. Associated with this
binding were reversible abnormalities of the epithelial cells similar to
those seen during in vitro neutralization of glomerular polyanion. Aside
from proteinaceous tubular casts, no other histologic abnormality was
noted. These studies provide direct evidence that neutralization of
glomerular polyanions in vivo results in heavy proteinuria. The appear-
ance of substantial quantities of rat IgG in the urine implies that
abnormalities of size as well as charge-dependent permselectivity
occur, suggesting that the polyanions of the glomerular filter may be
important in maintaining its structure as well as its function.
Proteinurie aiguë reversible déterminée par Ia perfusion du polycation
hexadimethrine. Afin de verifier l'hypothese scion laquelle Ia neutralisa-
tion des polyanions du filtre glomerulaire in vivo determine Ia perte de
Ia permsélectivitd dependant de Ia charge, nous avons perfuse Ic
polycation hexadimethrine (HDM) par voie intraveineuse a des rats.
Une protéinurie massive est apparue, après un intervalle libre de 30 a 50
minutes, et a disparu quand Ia perfusion a étd arrêtée. L'administration
simultanee d'héparine enipêche Ia proteinurie. Les protéines urinaires
ont éte examindes par immunoelectrophorese, focaiisation iso-électri-
trique avec immunofixation, et dlectrophorèse en polyacrylamide. La
protéine dominante était l'albumine de rat, mais ii y avait aussi de
grandes quantites d'IgG intacte de rat. L'HDM était lie aux sites connus
des polyanions glomerulaires dans Ia lamina rarae de Ia membrane
basale et sur les cellules Cpithéliales du glycocalice. En méme temps
que cette liaison on a observe des anomalies réversibles des cellules
épitheliales semblables a celles observées au cours de Ia neutralisation
in vitro des polyanions glomdrulaires. Ii n'a pas ete observe d'autre
anomalie histologique, a part Ia presence de cylindres protéiques. Ces
résultats apportent Ia preuve directe de cc que Ia neutralisation des
polyanions glomdrulaires in vivo a pour consequence une protéinurie
massive. L'apparition de quantites importantes d'IgG de rat dans
l'urine implique que des anomalies de taille surviennent en méme temps
que celies de Ia permselectivite dépendant de Ia charge, cc qui suggere
que les polyanions du filtre glomérulaire peuvent étre importants dans
le maintien de Ia structure et des fonctions.
established both by comparisons of the fractional clearances of
charged and uncharged macromolecules [1—3], and morphologi-
cally by comparisons of the degree of penetration of the
glomerular filter by anionic, neutral, and cationic ferritins [4, 5].
Furthermore, in at least one model of glomerulonephritis in-
duced by antiglomerular basement membrane antibody, pro-
teinuria was associated with a loss-of-charge-dependent perm-
selectivity, but not with an increase in the size of the glomerular
"pores" as revealed by the fractional clearance of neutral
molecules [6, 7].
It is not clear, however, that all proteinuric states reflect
simply loss of charge dependent permselectivity. Couser, Stil-
mant, and Darby [81 demonstrated in their studies of experi-
mental nephrosis, a divergence between onset of proteinuria
and loss of glomerular polyanion as evidenced by colloidal iron
staining. Olson, Rennke, and Venkatachalam [9] found that in
puromycin aminonucleoside nephrosis there is an increased
clearance of higher molecular-weight neutral dextrans, and
studies of human nephrotic states [10] have shown that all but
minimal-change nephrosis are associated with increased clear-
ance of large uncharged polymers. All of these observations
imply an increased size of glomeruiar "pores" in addition to
any loss of charge-dependent permselectivity.
It has not yet been determined whether the changes in size-
dependent permselectivity can be related to loss or neutraliza-
tion of glomerular polyanions. The study of the effect of
glomerular charge neutralization in in vivo models has been
difficult because of the toxicity of most polycations [Il, 12].
Purtell et al [11] found an increased clearance of native rat
albumin in rats infused with cationized bovine albumin (BSA);
but extensive binding of the BSA to glomerular and tubular cells
and significant renal toxicity limit the usefulness of this model
in studying the mechanisms of proteinuria.
In this communication we report the development of a model
of acute reversible massive proteinuria that appears to result
from binding of the polycation hexadimethrine to fixed polyan-
ions of the glomerular basement membrane (GBM) and epitheli-
al cell glycocalyx. Studies with this model suggest that abnor-
The importance of fixed negative glomerular charges in
maintenance of normal glomerular perrnselectivity has been
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malities of size as well as of charge-dependent permselectivity
may result from the neutralization of these glomerular polyan-
ions.
Methods
Hexadimethrine bromide (HDM; Polybrene®, lot # 083077)
was purchased from Aldrich Chemical Company, Milwaukee,
Wisconsin. The size distribution of material from this lot of
HDM was examined by gel permeation chromatography
through a 5- x -100-cm column of G-50 Sephadex (Pharmacia
Fine Chemicals, Piscataway, New Jersey) equilibrated with 2 M
sodium chloride and standardized with polyethylene glycols of
known molecular weights.The apparent molecular weights of
the polycations (not including the bromide counter ion) ranged
from 600 to 8000 daltons, with a mode at 5500 daltons.
The model. Female Sprague-Dawley rats, each weighing
approximately 200 g, were used in this study. Each rat was
pretreated i.p. with diphenhydramine (25 mg/kg, Benadryl®,
Parke-Davis, Detroit, Michigan) to reduce HDM toxicity relat-
ed to histamine release from mast cells [13]. While the rats were
under sodium pentobarbital anesthesia (25 to 50 mg/kg), an i.v.
polyethylene catheter (PE 50, Clay Adams, Parsippany, New
Jersey) was introduced into a femoral vein, and they were
volume expanded over a period of about 20 mm with a quantity
of 0.9% saline equal to 10% of its body weight. The bladder was
catheterized with polyethylene tubing (PE 90). Each animal was
then permitted to equilibrate for 30 mm on a saline infusion at a
rate of 0.24 ml/min. Equilibration was judged to be present
when sequential 5-mm urine collections had constant volumes
within 10%. After equilibration, an infusion of HDM (0.33 mg/
ml in 0.9% saline) was begun at the same rate of 0.24 ml/min (80
g of HDM per minute). Sequential 5-mm urine collections
were obtained throughout the period of study. Volumes were
determined by weight, assuming a specific gravity of 1.0. In
some cases, the HDM infusion was replaced by saline after 45
to 60 mm to permit the rats to recover.
After the infusion and final urine collections were completed,
the rat's abdomen was opened, the right renal pedicle ligated,
and the right kidney removed for fixation as described below.
The lower aorta was cannulated, the aorta above the left renal
artery and at the cannulation site was ligated, and the left
kidney was flushed with saline. The left kidney was then fixed
by perfusion with 2% glutaraldehyde in saline. Alternatively, it
was fixed by perfusion with 0.2% ruthenium red (Alfa-Ventron,
Denvers, Massachusetts) in Karnovsky's fixative [14].
Tissue preparation and examination. Portions of tissue from
the right, nonperfusion fixed kidney were fixed in Doboscq-
Brasil's fixative [15] and embedded in paraffin in routine
fashion. Sections were cut at 2 and stained with the periodic
acid-Schiff (PAS) stain. Colloidal iron stains [16] were per-
formed at apH of 1.5, using tissue fixed in 10% neutral buffered
formalin, then processed as above. Blocks of tissue 1 mm3 were
fixed in Karnovsky's fixative [17], then embedded in plastic,
sectioned, stained and examined by transmission electron mi-
croscopy (TEM) [18]. In some cases, perfusion-fixed tissue
from the left kidney was similarly processed for standard TEM.
To reveal the tissue distribution of HDM, a modification of the
method [19] for detecting the polycation polyethylenimine was
used. Blocks 1 mm3 of tissue were fixed in 2% phosphotungstic
acid (PTA) in Karnovsky's fixative, (pH, 7.4) then postfixed in
2% osmium tetroxide, and further processed for TEM as above.
Perfusion-fixed tissue for scanning electron microscopy
(SEM) was held in Karnovsky's fixative, postfixed in 2%
osmium tetroxide in 0.1 M cacodylate buffer (pH, 7.2), and
dehydrated in a graded series of ethanol baths. Dehydrated
blocks were torn while in the final change of 100% ethanol to
expose glomerular tufts. The blocks were then critical-point
dried with carbon dioxide, mounted on studs, and coated with
carbon and gold-palladium in standard fashion. Samples were
examined in a JEOL scanning electron microscope (model
JSM-35C, JEOL (USA), Inc., Peabody, Massachusetts).
Tissue perfusion-fixed with ruthenium red was further proc-
essed in 0.1% ruthenium red, and 0.5% ruthenium red 2%
osmium tetroxide, in veronal acetate buffer [14], then further
processed for TEM as above.
Evaluation of histology. To minimize bias in the evaluation of
the histologic consequences of HDM infusion, we examined
three sets of 10 rats each after they had received infusions of
varying periods of time as discussed under results. After the
tissue from each set of rats was processed, slides for light
microscopy, grids for TEM, and studs for SEM were assigned
random codes. Both microscopy and examination of photomi-
crographs were performed by us without knowledge of the
source of the tissue. Findings were graded semiquantitatively
before the code was broken.
Characterization of urinary protein. The concentration of
protein in urine was determined by quantitative nephelometry
after precipitation of protein by trichloroacetic acid at a final
concentration of 5%. Crystallized bovine albumin (Reheis
Chemical Company, Kankakee, Illinois) was used as a stan-
dard. HDM added to urine at levels as high as 10 mg/mI did not
interfere with this assay.
Immunoelectrophoresis was performed in 1.5% agarose gel in
0.05 M veronal buffer (pH, 8.6) containing 0.002 MEDTA, using
the apparatus of Wiehme [20]. Polyvalent antiserum to rat
serum proteins (Kallestad, Chaska, Minnesota) and monovalent
antisera to rat albumin and rat IgG (Cappel Laboratories, Inc.,
Cochranville, Pennsylvania) were obtained from the indicated
sources.
Sodium dodecyl sulfate (SDS) polyacrylamide gel slab elec-
trophoresis was performed in a model 220 vertical slab electro-
phoresis cell (Bio Rad Laboratories, Richmond, California),
using the Laemmli [21] technique as detailed by the equip-
ment manufacturer, but omitting the reducing agents. A 6.75%
total monomer concentration with 5% crosslinking agent was
used.
Isoelectric focusing (IEF) was performed using the LKB
Agarose-EF system (LKB Instruments, Inc., Rockville, Mary-
land) following the manufacturer's instructions with the follow-
ing exceptions: (a) a mixture of 0.83 ml of Pharmalyte (pH, 3 to
10) plus 0.40 ml of Pharmalyte (pH, 8.0 to 10.5) (Pharmacia Fine
Chemicals, Piscataway, New Jersey) per 16.5 ml of gel were
used in place of LKB Ampholine; (b) the concentration of
sorbitol was increased to 15%, and (c) focusing was performed
at a constant power of 6.2 W for 30 mm, and then at a constant
voltage of 470 V for an additional 2 hours. Horse spleen ferritin
(Calbiochem, LaJolla, California) and sheep hemoglobins ob-
tained by hypotonic lysis of washed sheep erythrocytes were
run with each IEF plate to permit visual confirmation of
complete focusing, and to provide internal pH markers. The p1
of these markers was determined on multiple occasions by
excision of the focused lines and measurement of their pH. The
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p1 of ferritin was 4.65 0.02; there were two principal bands of
sheep hemoglobin with p1's of 7.17 0.06 and 7.32 0.05,
respectively.
Immunofixation of focused IEF plates was accomplished
using the second method of Chapuis-Cellier, Francina, and
Arnaud [221. A thin antibody gel was made by incorporating 1
ml of goat antibody to rat IgG (Cappel Laboratories, Inc.) into 9
ml of 0.7% agarose in 0.02 M of sodium barbitol and 0.001 M
EDTA (pH, 8.6). This mixture was poured onto a plastic plate
from the agarose-EF kit and permitted to gel. After completion
of an IEF run, the pH gradient was determined, and the exact
location of marker proteins was recorded on a template. A few
drops of deionized water were sprinkled on the IEF plate, and
the antibody-containing plate was inverted over the IEF plate,
being sure to exclude air bubbles. The proteins of each plate
were permitted to diffuse into each other for 4 hours, forming
precipitates in both plates where rat IgG was located. The
plates were then separated, washed extensively in phosphate-
buffered saline (pH, 7.2), then fixed, dried, and stained accord-
ing to the agarose-EF system instructions as above.
Results
After several polycationic agents were tried, including prot-
amine, polyethylenimine, and DEAE dextrans, we found that
HDM was the only agent with a toxicity low enough to permit
infusion of quantities sufficient to produce gross proteinuria.
HDM has two well-described toxic effects: histamine release
due to mast cell degranulation [131 and agglutination of blood
cells through crosslinking of cell-surface sialic acid residues
[23]. These toxic effects were minimized by pretreatment of the
rats with diphenhydramine, and by the slow infusion of HDM in
a relatively large volume of saline. With these two precautions
used, as detailed under methods, gross proteinuria is induced in
100% of rats after 30 to 50 mm of infusion. Peak rates of protein
excretion have been as high as 3 mg/mm. Mortality in a total
series of about 60 rats was 10 to 15%.
If infusion of HDM is discontinued after appearance of
proteinuria, the rate of protein excretion continues to increase
for 10 to 20 mm, then subsides. It returns to baseline levels by 2
to 3 hours after discontinuation of HDM. Figure 1 shows the
course of proteinuria during and after infusion of HDM in a
typical rat. Thus, there is a lag of 20 to 40 mm between initiation
and cessation of HDM infusion, and the appearance and
regression of proteinuria, respectively.
After its initiation, proteinuria can be maintained for periods
up to 4 hours by continued infusion of HDM at the reduced rate
of 16 p.glmin. (Continuation of the higher initiating infusion rate
results in intravascular erythrocyte agglutination, hemolysis,
and hemoglobinuria.) The induction of proteinuria by HDM is
blocked by heparin. Rats receiving separate but concurrent
infusions of 80 p,g/min of HDM and 12 U/mm of heparin (a
quantity shown by in vitro tests of clotting to exceed equiva-
lence with the HDM) had no increase in protein excretion after
infusions up to 2 hours long.
Column 2 of Table 1 lists the urinary protein excretion rate in
the 5 mm immediately following a HDM infusion of varying
lengths of time in a group of 31 rats. Controls receiving only
saline at 0.24 ml/min for 60 mm after equilibration had minimal
rates of protein excretion. There was no increase in protein
excretion after 15 or 20 mm of HDM. Proteinuria was detect-
able in half the animals by 30 mm, and by 45 mm all animals had
heavy proteinuria. Five of six rats receiving HDM for 45 mm,
then permitted to recover for 60 mm on saline, showed substan-
tial reduction in protein excretion rate, averaging an 82%
reduction from the rate at 45 mm. The sixth rat, which had only
modest proteinuria after 45 mm of HDM had heavy proteinuria
after 60 mm on saline.
Characterization of the urinary protein. To be sure that the
HDM-induced proteinuria was "glomerular," we examined the
urinary proteins by immunoelectrophoresis, IEF, and SDS
polyacrylamide gel electrophoresis. Normal rat serum and urine
from a rat made nephrotic by the injection of the aminonucleo-
side of puromycin (PA) were included for comparison.
The immunoelectrophoresis plate depicted in Fig. 2 shows
that the major component of HDM-induced urinary protein is
rat serum albumin. Other proteins are also present, including
substantial quantities of IgG. In other immunoelectrophoresis
studies, not shown here, identification of this protein as rat IgG
was confirmed using monospecific antibody.
IEF was performed to determine the p1's of the HDM-
induced urinary proteins. The major protein had a p1 of 5.0 to
5.5 and appeared to be rat albumin. But there was a significant
number of protein bands in the more alkaline range, with p1's as
high as 8.5. To determine the p1's of HDM-induced urinary IgG,
we performed immunofixation with anti-rat IgG after IEF was
performed (Fig. 3). The urinary IgG had a p1 range similar to
that of serum IgG. Approximately half of the urinary IgG had a
p1 equal to or higher than that of the p1 7.32 of the sheep HgB
marker.
The analysis of urinary protein by SDS gel electrophoresis
(Fig. 4) confirmed that the major component was albumin. It
also confirmed that the IgG antigen was intact IgG, with a
molecular weight equal to that of human IgG. In these studies,
the PA- and HDM-induced urinary proteins were diluted to an
equal total protein concentration to permit comparison of the
quantity of urinary IgG. The HDM-induced proteinuria in each
case contained a higher fraction of IgG than did the urine of PA
nephrotic rats. The proteinuria was not totally nonselective,
however, as neither PA- nor HDM-induced urinary protein
contained higher molecular-weight proteins seen in normal rat
serum. Neither albumin nor IgG was detectable by immuno-
electrophoresis or SDS electrophoresis in the undiluted urine
samples of nonproteinuric rats.
1000 - HOM infusion
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Fig. 1. Urinary protein excretion rate in a rat during initial equilibration
on saline infusion, during infusion of HDM, and after cessation of
HDM infusion. There is a lag between onset and resolution of protein-
uria relative to beginning and end of HDM infusion.
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Table 1. Summary of protein excretion rates and histologic findings in 33 rat?
Duration of
HDM
Protein
excretion rateb
pg/min
HDM deposits within GBM
Stainable
anionic sites
CI RR
Epithelial cell
abnormalities
Frequency Size TEMC SEMd
infusion
ControiC
rat! 14 0 0 2+ 1+ 0 ND
rat2 6 0 0 2+ 1+ 0 ND
rat3 12 0 0 2+ ND 0 0
rat4 9 0 0 2+ ND 0 0
rat5 5 0 0 3+ ND 0 0
rat6 4 0 0 3+ ND 0 0
15 mm
rat! 15 1+ large 1+ 2+ 0 ND
rat2 3 2+ large 2+ 2+ 0 ND
rat3 1 1+ large 2+ ND 0 ND
rat4 6 1+ large 2+ ND 0 ND
rat5 7 1+ small 3+ ND 0 0
rat 6 6 2 + small 3 + ND 0 0
20 mm 5 1 + small 3 + ND 0 1 +
30 mm
rat 1 79 2+ large 3+ 2+ 0 ND
rat2 10 2+ large 3+ 2+ 0 ND
rat3 8 2+ large 2+ ND 2+ ND
rat4 5 2+ large 2+ ND 0 ND
ratS 535 O 0 2+ ND 1+ 3+
rat6 82 2+ large 2+ ND 1+ 3+
45 mm
rat! 1503 2+ small 3+ 2+ 2+ ND
rat2 1372 2+ large 3+ 2+ +1— ND
rat 3 404 2 + large 2 + ND 0 I +
rat 4 576 2 + large 1 + ND 0 1 +
rat 5 2235 2 + small 2 + ND 2 -1- 3 +
rat6 3061 2+ large 1+ ND 2+ 3+
Recovery
rat 1
45' HDM 1797
Off 60' 137 2+ small 3+ 2+ +1— ND
rat 2
45' HDM 868
Off 60' 189 1 + small 2+ 2+ 1 + ND
rat 3
45' HDM 794
Off 60' 88 trace small 3 + ND I + ND
rat 4
45' HDM 422
Off 60' 108 2+ small 2+ ND 1+ ND
rat 5
45' HDM 765
Off 60' 174 2+ small 1+ ND 0 1+
rat 6
45'HDM 57
Off 60' 493 1 + small 3 + ND 0 1 +
PA1'
ratl ND 0 0 +1— 1+ 4+ 4+
rat2 ND 0 0 0 1+ 4+ 4+
a Abbreviations used are defined: HDM, hexadimethrine; GBM, glomerular basement membrane; CI, colloidal iron stain of epithelial cell
glycocalyx; RR, ruthenium red stain of GBM anionic sites; TEM, transmission electron microscopy; SEM, scanning electron microscopy; PA,
puromycin aminonucleoside; ND, not done.
1' Protein excretion rate in the 5 mm immediately following HDM infusion of indicated duration
C Foot process abnormalities seen by TEMd Epithelial cell abnormalities seen by SEM
e Controls were infused with normal saline only for 60 mm.
No HDM deposits were seen in the GBM of this animal, but heavy deposits were present within the filtration slits.
Animals were infused with HDM for 45 mm, then permitted to recover on saline for 60 mm.h Animals were made nephrotic by 150 mg/kg puromycin aminonucleoside (PA) i.p. 7 days previously.
Anti-N RP
Anti-RA
Anti-N RP
Anti-RA
Anti-N RP
Anti-RA
Fig. 2. Immunoelectrophoresis of rat urinary proteins, The top well
contains normal rat plasma (NRP). The 2nd, 3rd, and 4th wells contain
urine from rats proteinuric after 45-mm infusions of HDM. The bottom
well contains urine from a rat made nephrotic by injection of puromycin
aminonucleoside. The troughs contain antibody to normal rat plasma
(NRP) or to rat serum albumin (RA) as indicated. The anode is to the
right. In each of the four urine samples, the major protein is rat albumin,
but other proteins, including rat IgG, were present in substantial
quantities. As evidenced by its migration, the urinary IgG appeared to
have the same charge distribution as plasma IgG.
Evidence for binding of HDM within the glomerular filter. If
HDM produces proteinuria by neutralization of the fixed
glomerular polyanions important in charge-dependent permse-
lectivity, then it ought to be possible to demonstrate HDM at
the sites of these glomerular polyanions. In animals receiving
HDM, it was possible to demonstrate granular deposits along
the laminae rarae internae and externae of the glomerular
basement membrane (GBM) by fixation of the tissues in phos-
photungstic acid (PTA). These deposits were similar in location
and distribution to those seen after infusion of another polyca-
tion, polyethylenimine [19], and are presumed to represent
precipitated HDM. Tissue fixed without PTA did not reveal the
deposits. Figure 5, a through f, shows TEM of sections of PTA-
fixed tissue from the rats in Table 1, infused for varying lengths
of time with HDM. The frequency and size of these HDM
deposits within the GBM of the rats were blindly graded, and
the results are listed in columns 3 and 4 of Table 1. No deposits
were seen in saline-infused animals (Fig. 5a). By 15 mm of
HDM infusion (Fig. Sb) granular electron-dense deposits were
seen in a regular distribution along the entire GBM, primarily in
the lamina rara externa, but also along the lamina rara interna.
Deposits were not seen on the epithelial cell surface or in the
urinary space. At 30 mm of infusion (Fig. Sc), the deposits in the
GBM were greater in number, but similar in distribution. No
further increase in GBM deposits was seen at 45 mm (Fig. Sd).
By 30 to 45 mm, some of the animals, generally those with
heaviest proteinuria, also had deposits within the filtration slits
or on the surface of epithelial cells (Fig. Se). After 60 mm of
recovery on saline (Fig. Sf), HDM was no longer seen on
epithelial cells or in filtration slits, and the deposits within the
4.65
7.17
7.32
+
—3.5
—4.0
—5.0
—6.0
—7.0
—7.5
—8.0
—8.5
MKR NRS IJH1 UH2 UH3 UH4 MKR
Fig. 3. Isoelectric focusing of rat urinary proteins after immunofixation
with antibodies to rat IgG. The 2nd track contains normal rat serum.
The 3rd, 4th, 5th, and 6th tracks contain urine from rats proteinuric
after 45-mm infusions of HDM. The unstained parts within tracks 3, 4,
and 6 reflect areas of antigen excess, where no precipitate was formed.
The 1st and 7th tracks indicate the position of colored marker proteins
of indicated p1 at the end of the IEF run. The pH gradient is indicated at
the right margin. The anode is at the top. The range of p1 values of rat
IgG in the urines is the same as that in serum, About half the IgG's have
p1's greater than 7.4.
GBM were less numerous and smaller. This was true even for
the one recovery rat that was still heavily proteinuric. The
detectable HDM after recovery on saline was consistently less
than that seen in rats infused for 30 mm, despite the fact that the
protein excretion rate in recovery exceeded that at 30 mm in
almost every case. Thus, the lag between initiation of HDM and
onset of proteinuria cannot be explained simply by a lag in
glomerular HDM binding. In fact, the observed binding of
HDM to the GBM and the epithelial cell glycocalyx paralleled
the time of infusion closely.
In sections not shown here, HDM deposits were also detect-
ed within mesangial matrix and in tubular basement membrane,
and the deposits followed the same time course.
Effect of HDM infusion on stainable glomerular polyanions.
The studies above showed that HDM binds to the known sites
of glomerular polyanion in the GBM, and, during proteinuria, to
the epithelial cell glycocalyx. Studies were therefore undertak-
en to determine whether the binding of HDM would decrease
competitively the binding of other cationic materials, colloidal
iron and ruthenium red, used to demonstrate fixed polyanions
in histology. Columns S and 6 of Table 1 give the results of these
two stains in the series of HDM-infused rats.
Colloidal iron at a pH of 1.5 binds within the glomerulus
primarily to the epithelial cell glycocalyx [24]. There was no
consistent effect of HDM on the colloidal iron stain. Two
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Fig. 4. SDS polyacrylamide electrophoresis of rat
urinary proteins. The first and second tracks con-
tain human IgG and bovine albumin (BSA), respec-
tively, as molecular weight markers. The third
track contains normal rat serum (NRS); and the
fourth, urine from a rat with puromycin aminonu-
cleoside nephrosis (UPA). Tracks 5, 6, 7, and 9
(UH 1, 2, 3a, 4a) contain urine from rats nephrotic
after 45 mm of HDM infusion. Tracks 8 and 10
contain urine (UH 3b, 4b) from the same rats as in
tracks 7 and 9, respectively, but after 60 mm of
recovery on saline. The total protein concentration
in urine samples in tracks 4 through 10 were
adjusted to be equal. The anode is at the bottom.
The major urinary protein in each case is rat
albumin, but each urine sample contains significant
quantities of intact IgG. The urine samples from
rats made nephrotic by HDM have higher relative
concentrations of IgG than that from the rat treated
with puromycin aminonucleoside. Urine does not
contain higher molecular-weight proteins con-
lgG BSA NRS UPA UH 1 UH2 UH3a UH3b UH4a UH4b + tamed in serum.
animals proteinuric after a 45-mm infusion of HDM had a
reduced stain, but so did one nonproteinuric 15-mm rat and one
only mildly proteinuric recovery rat. The decreased staining
seen in the 45-mm rats might have resulted from neutralization
of anions of the glycocalyx by the large quantities of HDM
bound to the epithelial cell, as seen in Fig. Se. This does not
explain, however, the decreased stain in the 15-mm and recov-
ery rats on whose epithelial cells no HDM could be detected. In
contrast, the colloidal iron stain on tissue from two PA nephrot-
ic rats was almost completely ablated, as has been previously
reported [24].
Ruthenium red binds to polyanionic sites in the laminae rarae
internae and externae of the glomerular basement membrane
[14]. Infusion of hexadimethrine had the consistent effect of
making the electron-dense deposits of ruthenium red larger and
denser. There was no effect on the number or distribution of the
deposits. The duration of the HDM infusion did not appear to
influence this effect. It seemed possible that HDM, itself a
polycation, might mimic the reactions of ruthenium red, ac-
counting for the positive stain. Therefore renal tissue from an
animal infused with HDM for 45 mm was processed in an
identical fashion, except that ruthenium red was omitted from
all the reagents. No deposits were seen, confirming that the
positive stain in the experimental series was in fact due to
binding of ruthenium red. Nor was the enhanced stain the result
of proteinuria, as there was no enhancement (but also no
obvious decrease) of stain in PA nephrotic animals.
Effects of HDM infusion on renal histology. Because neutral-
ization of glomerular polyanions in vitro [25, 26] and loss of
glomerular polyanions in proteinuric states in vivo are associat-
ed with epithelial cell and foot process changes, the morphology
of epithelial cells and their foot processes were studied by
transmission and scanning electron microscopy. The results of
these examinations are tabulated in columns 7 and 8 of Table 1.
Representative transmission and scanning electron micrographs
are shown in Figs. 5 and 6.
Epithelial cell abnormalities are more sensitively detected by
scanning electron microscopy (SEM). Figure 6a shows a capil-
lary loop from a control, saline-infused rat. The majority of the
capillary surface is covered by foot processes, which are well
separated from each other. There are numerous finger-like
processes, but few round epithelial cell blebs. There is no
significant change in glomeruli after 15 mm of HDM infusion
(Fig. 6b). By 20 to 30 mm of HDM infusion (Fig. 6c), increased
numbers of epithelial cell blebs are seen, and there is suggestion
of swelling of foot processes with narrowing of the filtration
slits. By 30 to 45 mm, more severe abnormalities are seen. In
some animals (Fig. 6d), these changes were confined to further
swelling of the foot processes, the filtration slits still being
present, though narrowed. In the most heavily proteinuric 45-
mm animals (Fig. 6e), there was complete effacement of foot
processes over the majority of the glomerular surface. The
remaining foot processes were swollen. These changes are
completely reversible after recovery on saline. Figure 6f shows
a glomerular capillary from a rat still modestly proteinuric after
60 mm on saline. The foot processes are essentially normal, and
there is no increase in epithelial blebs. The one animal still
heavily proteinuric after recovery" on saline also had normal
foot processes, though there was still an increased number of
blebs (not shown). The epithelial cell abnormalities, thus,
correlate better with the HDM infusion and deposits on epitheli-
al cell surfaces than they do with proteinuria. In fact, the
animals with the most severe epithelial cell abnormalities seen
on SEM are the ones with the heaviest deposits of HDM seen
by TEM along the epithelial cell surface.
Foot process changes were less obvious by TEM (Fig. 5), but
paralleled fairly well the changes seen on SEM. After 45 mm of
HDM infusion, there was flattening of the foot processes,
narrowing of the filtration slits, and decreased numbers of
filtration slits per unit of GBM length. Multiple filtration slit
membranes were seen in some cases.
The above described changes in the epithelial cells and their
foot processes are presumed to be the direct consequence of
neutralization of glycocalyx polyanions by HDM. With the
exception of proteinaceous tubular casts in animals with, or
recovering from, proteinuria, no other glomerular or tubular
abnormalities were seen by light microscopy (PAS-stained
sections) or by TEM.
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Fig. 5. Transmission electron micrographs of rat renal tissue processed with phosphotungstic acid to reveal HDM. A control rat perfused with
saline only. No deposits are seen. Foot processes are normal. B 15-mm HDM. Electron-dense deposits are seen primarily within the lamina rara ex-
terna, and to a lesser extent in the lamina rara interna. Foot processes are still normal. C 30-mm HDM. Deposits of HDM within the GBM are larger
and more numerous. HDM is now also within the filtration slits and along the epithelial cell surface. D and E45-min HDM. GBM deposits of HDM
were similar to those at 30 mm. In some animals there were no deposits along the epithelial cell surface, and the foot processes were still fairly nor-
mal (D). In other rats, heavy deposits of HDM were seen in filtration slits and along the epithelial cell surface. Foot processes were swollen, with
narrowed filtration slits (E). F After 60-mm recovery on saline. The GBM deposits of HDM are markedly diminished, and no deposits are seen in fil-
tration slits or along the epithelial cell surface. The foot processes are normal. (Bars = 0.5 magnification, x30,000).
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Fig. 6. Scanning electron micro graphs of glomerular capillary loops from HDM-infused rats. A Control rat. B through E Rats after 15, 20, 30, and
45 mm of HDM. F Rat after 60-mm recovery on saline. No abnormalities are seen at 15 mm (B). With increasing duration of infusion, increased epi-
thelial cell bleb formation (C), swelling of epithelial cell foot processes with narrowing of filtration slits (D), and obliteration of foot processes (E)
are seen. These changes are completely reversible after recovery on saline (F). (Bars = 1 magnification, x 10,000).
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Discussion
The importance of fixed negative glomerular charges in the
maintenance of normal glomerular permselectivity has been
established using both clearance techniques [1—3] and using
morphologic methods [4, 5]. Furthermore, neutralization of
these glomerular polyanions in the isolated perfused kidney
leads to changes in foot process morphology similar to that seen
in proteinunc states [25, 26]. These observations suggest that
loss or neutralization of these glomerular charges in vivo should
be associated with a massive urinary loss of lower molecular
weight acidic plasma proteins such as albumin. Many experi-
mental approaches have been used to corroborate this hypothe-
sis.
Fixed glomerular polyanions have been demonstrated on the
epithelial cell glycocalyx [24] and in the laminae rarae internae
and externae of the GBM itself [14, 19]. Several experimental
[7, 8, 24, 27] and clinical [28] forms of the nephrotic syndrome
are associated with loss of stainable polyanion. But the relation
between loss of polyanion and onset of proteinuria is variable
[8], and these studies cannot exclude the possibility that pro-
teinuria results from some injury to the glomerular filter other
than loss of polyanions.
To study more directly the consequences of neutralization of
glomerular negative charges, in vitro models have been used.
Seiler et al [25, 26] have shown that perfusion of the isolated rat
kidney with solutions containing polycations results in a revers-
ible "fusion" of foot processes similar to that seen in nephrotic
states. Kelley and Cavallo [29] have shown that anionic ferritin
penetrates further through the glomerular filter in isolated.
kidneys perfused with the polycation protamine. But the hy-
pothesis that gross, nephrotic-grade proteinuria will result from
loss or neutralization of glomerular charges cannot be tested by
these in vitro models.
Attempts have been made [11, 12] to study in vivo the
consequences of neutralization of glomerular polyanions. These
studies have been hampered by the toxicity of the polycations
used [11, 12]. Purtell et al [11] showed that infusion of cation-
ized bovine albumin led to a marked increase of clearance of the
rat's own native serum albumin. But in these studies there was
extensive binding of the cationized albumin to the glomerulus
and within the tubules, associated with substantial renal toxici-
ty, making interpretation of their observation more difficult.
In the present studies we have used the polycationic antihep-
arm compound hexadimethrine (HDM), which has proved to be
much less toxic than other polycations. Infusion of HDM
causes a massive proteinuria, with maximum rates of protein
excretion of 3 mg/mm, equivalent to more than 4 glday. The
proteinuria is reversible when HDM infusion is discontinued
(Fig. 1). The major component of the urinary protein is serum
albumin, as shown by immunoelectrophoresis (Fig. 2) and SDS
polyacrylamide gel electrophoresis (Fig. 4). The infused HDM
binds (Fig. 5) to the known sites of fixed negative charge within
the laminae rarae internae and externae of the GBM and to the
epithelial cell surface glycocalyx. This binding is associated
with the same changes in the epithelial cells and their foot
processes (Fig. 6)—bleb formation, swelling and effacement of
foot processes, and narrowing of slit pores—described by other
authors after in vitro neutralization [25, 261 or enzymatic
removal [30] of epithelial cell glycocalyx polyanions. Both the
binding of HDM within the glomerular filter and the resulting
epithelial cell changes have been shown to be reversible upon
discontinuation of the HDM. It is unlikely that the proteinuria
results from a nonspecific toxicity of HDM because it is
completely inhibited by the concurrent administration of the
polyanion heparin, and because no other structural or ultra-
structure abnormalities, other than proteinaceous tubular casts,
can be found. In sum, this model appears to provide a direct
confirmation of the hypothesis that in vivo neutralization of
glomerular polyanions will lead to heavy albuminuria.
The studies presented in this report do not entirely exclude
the possibility that the proteinuria results from binding of the
HDM to serum proteins, rendering them cationic, and thus
leading to their increased filtration [3]. This possibility appears
to us unlikely for two reasons. First, the urinary proteins do not
appear to have an altered charge as evidenced by their migra-
tion in electrophoresis relative to native serum proteins (Fig. 2)
or on isoelectric focusing (IEF). More important, in other
studies not presented in this report, we have shown that
infusion of HDM directly into the left renal arteries of rabbits,
together with systemic administration of heparin, leads after a
lag period of 20 mm to unilateral proteinuria. An hypothesized
interaction of HDM with plasma proteins might be rapid and
reversible, leading to immediate unilateral proteinuria, or it
might be more delayed and stable leading to delayed bilateral
proteinuria. But the delayed appearance of unilateral protein-
uria cannot result from binding of HDM to plasma protein
alone. Because the inulin and PAH clearances of the infused
(proteinuric) and uninfused (nonproteinuric) kidneys were
equal in these studies, it also seems unlikely that the proteinuria
results simply from hemodynamic changes induced by the
HDM infusion.
The relationship between experimental and clinical nephrotic
states and loss of glomerular polyanion remains uncertain. As
has been noted, the relationship between onset of proteinuria
and loss of colloidal iron stain is variable [8], and abnormalities
of size- as well as charge-dependent permselectivity have been
documented in both experimental [9] and clinical [10] nephro-
sis. Studies of HDM-induced proteinuria may help clarify the
role of charge loss in these states. The studies presented in this
report have produced two unexpected results.
First, despite documented binding of HDM to the GBM and
the epithelial cell glycocalyx, there was no consistent decrease
in colloidal iron stain, and the ruthenium red stain was in fact
enhanced. Although there are many possible explanations for
these observations, they suggest that these stains as they are
usually performed are not particularly sensitive to loss of
functionally significant quantities of glomerular polyanion.
Thus, failure to detect loss of stainable polyanion (as in Ref. 8)
may still be compatible with proteinuria due to loss of glomeru-
lar polyanions.
Second, the loss of charge-dependent permselectivity would
not be expected to lead to loss of significant quantities of IgG in
the urine. IgG has a molecular radius of 52 A [31], a molecular
size for which there is minimal fractional filtration of dextrans
irrespective of charge [1]. IgG, a globular protein, should be
even more efficiently retained than dextran, which is a linear
polymer [32]. Finally, IgG has relatively low net charge at body
pH. Its clearance should be relatively unaffected by loss of
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glomerular polyanion. Our studies, however, have shown that
HDM infusion results in the appearance of substantial quanti-
ties of IgG in the urine, more in fact than in the urine of rats
made nephrotic by administration of puromycin aminonucleo-
side, in which an abnormality of size-dependent permselectivity
has been documented [9]. The appearance of IgG in the urine
cannot be attributed to selection of anionic species. Examina-
tion of urinary proteins by IEF with immunofixation revealed
no differences between the p1 distribution of urinary and plasma
IgG (Fig. 3). Indeed, about 50% of urinary IgG induced by
HDM had api greater than 7.4. The IgG is intact IgG with a mol
wt of 150,000 daltons, and its appearance in the urine does not
appear to result from a gross capillary leak, because HDM-
induced proteinuria contains none of the higher molecular-
weight proteins found in serum (Fig. 4). These findings show
that HDM infusion, like PA nephrosis, results in an abnormality
of size-dependent as well as charge-dependent permselectivity.
This finding is being further investigated with formal tests of
size- and charge-dependent permselectivity.
It is thought that the GBM is the primary glomerular permse-
lective filter [331. It is hard to envision how infusion of HDM
could lead to a rapidly reversible abnormality of structure of the
GBM other than by binding to its polyanions. This raises the
possibility that glomerular polyanions may be important in
maintaining the normal structure, as well as function, of the
GBM. Sufficiently extensive loss of, or neutralization of, these
anionic sites might induce a reversible structural change, pro-
ducing an alteration in size-dependent as well as in charge-
dependent permselectivity. This change, and the recovery of
normal structure after recovery of the glomerular polyanions,
might occur over a period of several minutes, explaining the
observed lag between glomerular binding and release of HDM
and the appearance and remission of the proteinuria.
Acknowledgments
This work was presented in part at the 12th Annual Meeting of the
American Society of Nephrology, Boston, MA, November 19, 1979
(Kidney mt 16:783, 1979). These studies were supported by NIH Grant
# I ROl AM26125-0l, by the Medical Research Service of the Veterans
Administration, and by Grants # 78-0-19 and # 79-G-15 of the
American Heart Association, Iowa Affiliate. Dr. S. B. Plattner assisted
in performance of the electron microscopy studies, and Ms. L. A.
Hobbs gave secretarial assistance.
Reprint requests to Dr. L. G. Hunsicker, VA Medical Center,
Building 3, Iowa City, Iowa 52240, USA
References
1. CHANG RLS, UEKI IF, TROY JL, DEEN WM, ROBERTSON CR,
BRENNER BM: Permselectivity of the glomerular capillary wall to
macromolecules: II. Experimental observations in the rat. Biophys
J 15:887—906, 1975
2. CHANG RLS, DEEN WM, ROBERTSON CR, BRENNER BM: Permse-
lectivity of the glomerular capillary wall: LII. Restricted transport of
polyanions. Kidney Int 8:212—218, 1975
3. RENNKE HG, PATEL Y, VENKATACHALAM MA: Glomerular filtra-
tion of proteins: Clearance of anionic, neutral, and cationic horse-
radish peroxidase in the rat. Kidney mt 13:324—328, 1978
4. RENNKE HG, COTRAN RS, VENKATACHALAM MA: Role of molecu-
lar charge in glomerular permeability: Tracer studies with cation-
ized ferritins. J Cell Blot 67:638—646, 1975
5. RENNKE HG, VENKATACHALAM MA: Glomerular permeability: In
vivo tracer studies with polyanionic and polycationic ferritins.
Kidney mt 11:44—53, 1977
6. CHANG RLS, DEEN WM, ROBERTSON CR, BENNETT CM,
GLASSOCK RJ, BRENNER BM: Permselectivity of the glomerular
capillary wall: Studies of experimental glomerulonephritis in the rat
using neutral dextran. J Clin Invest 57:1272—1286, 1976
7. BENNEi-F CM, GLASSOCK Ri, CHANG RLS, DEEN WM, ROBERT-
SON CR, BRENNER BM: Permselectivity of the glomerular capillary
wall: Studies of experimental glomerulonephritis in the rat using
dextran sulfate. J Clin Invest 57:1287—1294, 1976
8. COUSER WG, STILMANT MM, DARBY C: Autologous immune
complex nephropathy: I. Sequential study of immune complex
deposition, ultrastructural changes, proteinuria, and alterations in
glomerular sialoprotein. Lab Invest 34:23—30, 1976
9. Oso JL, RENNKE HG, VENKATACHALAM MA: Alterations in the
Charge and Size Selectivity Barrier of the Glomerular Filter in
Aminonucleoside Nephrosis in Rats. Lab Invest 44:271—279, 1981.
10. RoBsoN AM: Pathologic, Functional Correlations in Glomerulop-
athy. The Proceedings of the NIH Symposium, Immunological
Concepts of Kidney Disease. Edited by MICHAEL AF, WILSON CB
and CUMMINGS N, New York, Plenum Press (in press).
11. PURTELL JN, PESCE AJ, CLYNE DH, MILLER WC, POLLAK YE:
Isoelectric point of albumin: Effect on renal handling of albumin.
Kidney Int 16:366—376, 1979
12. LANDWEHR DM, OKEN DE: Renal arterial infusion of the polyca-
tion protamine and urinary albumin excretion (abst). Kidney mt
14:727, 1978
13. KIMURA ET, YOUNG PR, EBERT DM: Further studies on hexadi-
methrine bromide (Polybrene)—an antiheparin agent. Toxicol Appl
Pharmacol 1:560—575, 1959
14. KANWAR YS, FARQUHAR MG: Anionic sites in the glomerular
basement membrane: In vivo and in vitro localization to the
laminae rarae by cationic probes. J Cell Biol 81:137—153, 1979
15. GABE M: Histological Techniques. New York, Springer Verlag,
1976, p. 187
16. MOWRY RW: The special value of methods that color both acidic
and vicinal hydroxyl groups in the histochemical study of mucins,
with revised directions for the colloidal iron stain, the use of Alcian
blue G8X and their combinations with the periodic acid-Schiff
reaction. Ann NYAcad Sci 106:402—423, 1963
17. KARNOv5KY Mi: A formaldehyde-glutaraldehyde fixative of high
osmolarity for use in electron microscopy. J Cell Biol 27:137A—
138A, 1965
18. SHEARER TP HUNSICKER LG: A rapid method for embedding
tissues for electron microscopy using 1,4 dioxane and Polybed 812.J Histochem Cytochem 28:465—467, 1980
19. SCHURER JW, KALICHARAN D, HOEDEMAEKER PJ, MOLENAAR I:
The use of polyethyleneimine for demonstration of anionic sites in
basement membranes and collagen fibrils. / Histochem Cytochem
26:688—689, 1978
20. WIEME RI: An improved technique of agar-gel electrophoresis in
microscope slides. Clin Chim Acta 4:317—321, 1959
21. LAEMMLI UK: Change of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227:680—685, 1970
22. CAPUIS-CELLIER C, FRANCINA A, ARNAUD P: Immunofixation
after electrofocusing: Application to the study of the microhetero-
geneity and polymorphism of serum proteins, in Electrophoresis
'79: Advanced Methods, Biochemical and Clinical Applications,
edited by RADOLA BJ, New York, Walter de Gruyter & Co., 1980,
p. 711
23. LALEZARI P, SPAET TH: Antiheparin and hemagglutinating activi-
ties of polybrene. J Lab Clin Med 57:868—873, 1961
24. MICHAEL AF, BLAU E, VERNIER RL: Glomerular polyanion.
Alteration in aminonucleoside nephrosis. Lab Invest 23:649—657,
1970
25. SElLER MW, VENKATACHALAM MA, COTRAN RS: Glomerular
epithelium: Structural alterations induced by polycations. Science
189:390—393, 1975
26. SElLER MW, RENNKE HG, VENKATACHALAM MA, COTRAN RS:
Pathogenesis of polycation-induced alterations ("fusion") of
glomerular epithelium. Lab Invest 36:48—61, 1977
27. CAULFIELD JP, FARQUHAR MG: Loss of anionic sites from the
Hexadimethrine-induced proteinurja 17
glomerular basement membrane in aminonucleoside nephrosis. Lab
Invest 39:505—512, 1978
28. BLAU EB, HAAS JE: Glomerular sialic acid and proteinuria in
human renal disease. Lab Invest 28:477—481, 1973
29. KELLEY YE, CAVALLO T: Glomerular permeability: Transfer of
native ferritin in glomeruli with decreased anionic sites. Lab Invest
39:547—553, 1978
30. ANDREWS PM: Glomerular epithelial alterations resulting from
sialic acid surface coat removal. Kidney mt 15:376—385, 1979
31. ACKERS GK: Molecular exclusion and restricted diffusion process-
es in molecular-sieve chromatography. Biochemistry 3:723—730,
1964
32. RENNKE HG, VENKATACHALAM MA: Glomerular permeability of
macromolecules: Effect of molecular configuration on the fractional
clearance of uncharged dextran and neutral horseradish peroxidase
in the rat. J Cliii Invest 63:713—717, 1979
33. FARQUHAR MG, WissiG SL, PALADE GE: Glomerular Permeabili-
ty: I. Ferritin transfer across the normal glomerular capillary wall. J
Exp Med 113:47—66, 1961
